Abstract: Alarm pheromones are major communication signals in animals and major semiochemicals in the colony organisation of social insects. We investigated the composition of venom in Vespa velutina, an invasive hornet species accidentally introduced into Europe a decade ago. Crushed venom glands were applied to seven wild V. velutina nests and induced aggressive responses of workers in all the colonies tested. Then, solvent extracts or headspace Solid Phase Micro Extraction (SPME) were analysed and quantified by gas chromatography coupled with either flame ionization detector or a mass spectrometer, and checked retention times to Kovats indices and Linear retention indices (LRI). We compared our results to those obtained in the same species from its native area in a previous study. Nonan-2-one and the 4, 8-dimethylnon-7-en-2-one were found in large amount in the venom gland. Five other molecules including the heptan-2-one, non-8-en-2-one, undecan-2-one and two unknown molecules were also found. Similar compounds were globally found, however, one unknown compound was present in our European population but absent in native area ones and should be identify. Although pheromones are thought to be species-specific, our results suggest that their composition may vary within species due to population history, thus questioning its value as a taxonomic tool. Although our results are preliminary, we also recommend carefully considering the origin of the Vespa velutina individuals chosen to develop pheromone-based methods (attractants or mating disruption) for pest management.
Introduction
Alarm pheromones are major communication signals in animals (Wertheim et al. 2005) , and major semiochemicals in the colony organization of social insects (e.g. wasps, bees, ants). They have long been studied (Blum 1969 , Shorey 1973 , Pasteels et al. 1983 , Hölldobler & Wilson 2008 , Bruschini et al. 2010 as they often trigger aggressive and defence behaviours to ensure colony survival and are made of a cocktail of molecules that elicit the different behaviours (recruitment, dispersal, aggregation, aggressiveness) (Maschwitz 1964 , Billen & Morgan 1998 , Alaux et al. 2010 . In European honeybees for instance, isopentylacetate (IPA) is the major active molecule in an alarm blend involving several other molecules that also cause honeybee recruitment for defence (Breed et al. 2004) . To maximise the transmission of the signal, alarm pheromones should be highly volatile to (i) quickly recruit nestmates to defend the colony and (ii) have a limited time persistence to avoid detrimental long-lasting reaction. Most importantly, by definition pheromones are species-specific, even if alarm ones may concern several species like in aphids (Guerrieri & Digilio 2008) , they can thus be used as taxonomic tool to discriminate species including for example the volatile compound of venom gland in Aculeata (Bruschini et al. 2007) .
Vespidae are part of the Aculeata and alarm pheromone has been studied in several species including Polistes sp. (P. dominula Christ., P. gallicus L., P. nimphus Christ., P. sulcifer Zimmer.: Bruschini et al. 2007 , Bruschini & Cervo 2011 , Vespula sp. (the southern yellow jacket V. squamosal Drur.: Landolt & Heath 1987 , Heath & Landolt 1988 , Landolt et al. 1999 Saslavasky et al. 1973 , Veith et al. 1984 , Ono et al. 2003 , Cheng et al. 2017 . Identifying molecules that are responsible for aggressive insect reactions is, in some cases, of major interest especially in food flavouring or cosmetics. Unexpected attacks on human have been previously reported by the giant Japanese hornet Vespa mandarinia (Ono et al. 2003) . Such molecules can also be used for push-pull pest management strategies (Cook et al. 2007 ). Therefore, identifying alarm pheromones, especially in social insect pests, is of major concern.
The Asian yellow-legged hornet, Vespa velutina, is an invasive hornet species accidentally introduced into Europe via container boat shipment followed by truck transport close to Agen (South West France) in or just before 2004 (Arca et al. 2015) . From its introduction site in South West France, it has spread through mainland and has now reached Spain (López et al. 2011 ), Portugal (Grosso-Silva & Maia 2012 , Germany (Witt 2015) , Italy (Bertolino et al. 2016) , Mallorca (Leza et al. 2018) , and more recently Alderney and Jersey, and United Kingdom (Budge et al. 2017 , Kennedy et al. 2018 . The last invaded countries are Belgium, a nest being destroyed at ca. 5 km from the French border, and Switzerland where an individual was seen near the border (west of Geneva). This hornet species is mostly known for its damage on honeybee hives as it feeds its larvae in preying on honey-bees. In the current pollinator decline (Goulson et al. 2015) , V. velutina is an important additional stressor for bee colonies and has been recognized by the European Union as harmful, being listed among the 37 invasive species of major concern (EU Regulation 1143/2014).
Recently, the first evidence for an alarm pheromone and the composition of volatile molecules from venom gland were published by Cheng et al. (2017) . Their study was undertaken in the native range of V. velutina. We realized a similar study to identify volatile venom compounds from the invasive range to compare with the populations from native area. The effect of these volatile compounds was tested on seven different V. velutina colonies reared in laboratory to describe the behavioural reaction elicited. Then, the composition of the volatile part of the venom gland was characterized by gas chromatography-mass spectrometry (GC-MS) and the quantification of the major compounds realized by Gas Chromatography with Flame Ionization Detector (GC-FID).
Materials and methods

Nest collection, caging and rearing
Seven nests of V. velutina were collected at different periods and from different locations (see Table 1 for details and nest abbreviation) and then placed into laboratory rearing cages following Monceau et al. (2013) who studied the nest defence behaviour in this species. Briefly, the nests were removed either early in the morning or in the evening. Once in the laboratory, the nests were placed at 4° C for 2 h to anesthetize the hornets and then transfer to the cage within 5 minutes at room temperature. Hornets were fed with honey or blackcurrant syrup as sources of carbohydrates for adults and commercial wet cat food (11% proteins, 78% water) for larvae. Food and water were provided ad libitum at the bottom of the cage in a mobile drawer that could be closed by a stainless steel plate to securely manipulate the delivery of food, water and sample odours.
Bioassay design
The effect of venom volatile compounds was tested by exposing the hornet colonies to crushed venom glands directly in the cage placed at 21° C and red light similar to Couto et al. (2014) . For each assay, two Petri dishes (90 mm diameter) were exposed to the hornets: i) a control with only paper filter (Whatman TM , Grade 1, 70 mm diameter) and ii) paper filter with 10 crushed venom glands, placed in the mobile drawer. To obtain venom glands for each assay, V. velutina workers were captured in our experimental apiary located at INRA Bordeaux-Aquitaine, France (GPS: N 44° 47927.050 W 0° 34938.350) and thus originated from different colonies as those tested to avoid a potential effect of relatedness. These hornets were stored at −20° C until dissection. Immediately before experiment, ten venom glands from ten hornets were removed and freshly placed on a filter paper within the Petri dish and gently crushed with a glass stirrer previously washed with pure hexane. The Petri dish was immediately sealed and placed inside the mobile drawer of the cage with the control sample. Before closing and locking the drawer, the top of the Petri dishes was removed, the drawer was sealed and the stainless steel plate removed to deliver the samples. Each assay lasted five minutes (beginning when the steel plate was removed) and the observations made by a single experimenter (OB). The number of visits on each Petri dish as well as the time to the first visit on the venom sample was recorded. For FL, ST, and PO nests (see Table 1 ), eight, five and three replicates respectively of the experiment were realized over 15, 10 and three days respectively. For LP, MA, SA and PE nests (see Table 1 ), the experiment was performed once.
Pheromone analyses 2.3.1 Extractions
Two different types of extraction were performed: i) a solid-phase microextraction (SPME) was undertake prior to chromatography and mass spectrometry analysis and ii) a solvent extraction of whole glands for a more accurate molecule quantification confirmation of SPME chromatograms. Extractions and all glass washes were done in pure hexane (SDS, Villeurbanne, France, 99% purity for traces analysis).
Solid-Phase Microextraction (SPME) sampling of venom volatile molecules
In order to determine the profile of the volatile compounds present in the venom, extraction by SPME was carried out with 65 µm PDMS/DVB blue fibres (Agilent Technologies, Santa Clara, CA, USA). Ten venom glands and 10 glass microbeads (2 mm diameter, previously washed with pure hexane) were placed in a 1.5 ml Eppendorf tube (polypropylene first grade) closed hermetically and then crushed through high-speed shaking for 30 s (QIAGEN TissueLyser). Then, the samples were centrifuged for 3 minutes at 4° C and the SPME fibre was exposed 1cm above the liquid during 30 min at 35° C. The SPME fibres were classically previously conditioned for 30 min at 250° C before exposure to the glands. Ten replicates were carried out, and profiles were compared to a control (SPME fibres exposed to 10 glass microbeads in an Eppendorf tube).
Solvent extractions
Solvent extraction was performed to confirm the SPME profiles and to calculate the concentrations of each constituent of the venom gland. Ten venom glands were placed in a clean brown glass vial with 200 µL of hexane and 2 µL internal standard (trans-3-nonen-2-one, 100 ng.µL −1 ). After stirring with a rotor, the extraction time was 12 hours at room temperature. Ten replicates were done.
Chemical and semi-quantitative analyses of venom volatile components
To ensure that our results were comparable to those obtained by Cheng et al. (2017) , we followed the same analytical methodology.
Gas chromatography (GC) coupled with mass spectrometry (MS) analyses (GC-MS)
SPME extracts and solvent extracts were analysed with GC-MS following Cheng et al. (2017) . Briefly, analyses were carried on using an HP 7820A-5977E (Agilent Technologies, Santa Clara, CA, USA) with an HP-5ms capillary column 30 m × 250 µm × 0.25 µm (Agilent Technologies, Santa Clara, CA, USA). The carrier gas was helium flowing at 37 cm.s −1 . The oven ramp was set as 50° C for 2 min, followed by 5° C/min end then 280° C for 10 min. The electronic impact ion source was used at 230° C. The mass range scanned consisted of m/z ratios 20 -350 at a rate of 4.3 scan.s −1 . Data were analysed using Mass Hunter software (Agilent Technologies, Santa Clara, CA, USA) with the international database NIST and compared to chemical standards.
Gas Chromatography with Flame Ionization Detector (GC -FID)
SPME fibres and solvent extracts were analysed using GC-FID following Cheng et al. (2017) . HP5890 with Flame Ionization Detector (Agilent Technologies, Santa Clara, CA, USA) was used associated with split less injection at 250° C and a HP-5ms column (30 m × 250 µm × 0.25 µm, Agilent Technologies, Santa Clara, CA, USA) was used with hydrogen as carrier gas flowing set at 74 cm.s −1 . The oven ramp was set to 50° C for 2 min, then 10° C.min −1 to 280° C for 5 min. We used GC-FID quantity-response standard curves to quantify each known compound in 10 venom glands against pure synthetic standards. For quantification, we used 10 extracts of 10 venom glands from foragers caught in the INRA apiary. Linear retention index (LRI) and Kovats retention indices were defined by reference to retention times of C8-C15 n-alkanes under the same GC and GC-MS conditions.
Chemicals standards
The amount of specific venom gland constituents, authentic standards of the main compound were quantified by GC-FID calibration curves at increasing doses 20, 50, 100 and 200 ng.µl −1 . All chemical standards were purchased as mass spectrometry standards (> 99.5% purity): Heptan-2-one, Acetophenone, Nonan-2-one, Nonan-2-ol, Undecan-2-one (Sigma Aldrich, France), 4,8-Dimethyl non-7-en-2-one (Molport, Riga, Latvia).
Statistical analyses
To obtain an overall value of the reaction of the hornet, we used Cliff's δ with its 95% confidence interval. The magnitude of the differences between control and venom items was based on thresholds proposed by Romano et al. (2006) : δ < 0.147: negligible differences, δ < 0.33: small differences, δ < 0.474: medium differences and δ ≥ 0.474: large differences. Statistics were done with R software (v.3.1.2, R Core Team 2014) implemented with effsize package (Torchiano 2014 ) for Cliff's δ computing.
Results
The venom items elicited a rapid (range 15 to 40 s) and stronger response than the control item in all the seven colonies (Cliff's δ = 0.99 and 95% CI = [0.95, 0.99], Table 2 ). Several molecules have been identified in the venom glands of the invasive populations of V. velutina (Table 3 , Fig. 1 ). All major compounds belonged to ketone family. The nonan-2-one (peak #6) and the 4,8-dimethylnon-7-en-2-one (peak #9) were the most abundant molecules in the venom (Table 3) . Five other molecules were also well represented including the heptan-2-one (peak #1), the non-8-en-2-one (peak #5), the undecan-2-one (peak #13) and two unknown molecules (peak #10 and unidentified).
Discussion
Alarm pheromones are critical in social insects for their implication in colony defence and thus survival (review in Bruschini et al. 2010) , as previously shown in Vespa sp. (Saslavasky et al. 1973 , Veith et al. 1984 , Ono et al. 2003 . In V. velutina, venom glands produce volatile compounds that elicit the attack of the targets when colonies are exposed to them (Cheng et al. 2017) . From this point of view, our results are clearly consistent with those obtained in previous studies. Nevertheless, our results concerning the volatile molecules presented in the venom differ from the study by Cheng et al. (2017) while obtained from the same species with the same methodology.
Roughly, five molecules seem to be commonly observed in the venom of V. velutina: the heptan-2-one, the nonan-2-one, the 4,8-dimethylnon-7-en-2-one, the undecan-2-one and an unknown undecen-2-one. All these molecules are ketones that are known to elicit alarm at different levels in V. orientalis (Saslavski et al. 1973) . The undecan-2-one has been also detected in Polistes sp. (Bruschini et al. 2007) and Dolichovespula maculata (Jimenez et al. 2016) . However, in this latter study, it did not elicit any behavioural reaction. So, these molecules are potentially common in Vespidae venom. Similarly to Cheng et al. (2017) , the major volatile compound was the nonan-2-one but we found at least two fold more in our samples as compared to them. Then, the abundance of the other compounds was not similar between the venom from the native and the invasive hornets. Indeed, we found that the second most abundant compound was the 4,8-dimethylnon-7-en-2-one that could be similar between studies considering standard deviation but the third and fourth places in Cheng et al. (2017) correspond to molecules that were slightly represented in our samples. Instead, we found that the non-8-en-2-one was also largely abundant in our sample, ca. three fold more concentrated in our case.
In their study, Cheng et al. (2017) performed electroantennography analyses for four molecules including the nonan-2-one and the non-8-en-2-one. They found that these molecules trigger an Electroantennogram (EAG) response but not up to a bio- Fig. 1 . Headspace SPME extract from V. velutina worker venom gland based on GC-FID. Peak numbers (#1 to 16) are designated to correspond to those identified by Cheng et al. (2017) , see Table 3 for details. Un-numbered peaks are impurities.
logically significance at least at the concentration corresponding to one native hornet equivalent. Significant antennal response was reach for ca. 1000 ng in their study. Considering that the abundance of the nonan-2-one for one hornet equivalent in our study is above this value (1624.7 ± 261.7 ng), a reaction should be elicited with a single individual. Two hypotheses could be formulated: i) the individuals within the invasive range are either less sensitive to pheromone thus higher concentration are required to elicit aggressive/defensive behaviours or ii) the individuals within the invasive range are as sensitive to these molecules so only few individuals are required to elicit a response of the colony. The same experiment should be performed on invasive V. velutina to test these hypotheses. Preliminary tests show that the nonan-2-one (concentration 10 4 ng) alone does not elicit any attacks but alert when presented to encaged nest (O. Bonnard, pers. com.). It is also possible that molecules only elicit strong response when presented in blends such as alarm pheromone in honeybees (Breed et al. 2004) .
Finally, our results differ qualitatively (an unknown molecule observed) and quantitatively from previous findings by Cheng et al. (2017) . This may rely on the origin of the individuals and colonies involved in the experiment. Indeed, Cheng et al. (2017) performed the experiments on native populations of V. velutina while we worked on the European invasive population. One major question that is addressed here is, in fact, how different these chemical blends are. The literature on alarm pheromones even restricted to Vespidae show a great diversity among species (review in Bruschini et al. 2010 ) that suggests that alarm signals have evolved several times independently. The present study suggests that diversity is also present within species while it has been previously considered as a potential taxonomic tool (Bruschini et al. 2007 ), which implies that V. velutina invasive population has evolved another composition of alarm pheromone. Cheng et al. (2017) have sampled their hornets in the western part of China, in Yunnan. Population genetic study reveals that the invasive population in Europe originated from eastern China (Zhejiang and Jiangsu provinces most probably) and was distinct from Yunnan populations (Arca et al. 2015) . These genetic differences may reflect independent evolution due to isolation by the distance for instance or evolutionary lineages as reflected by the differences in haplotype distribution in China (the haplotypes found in Zhejiang and Jiangsu provinces are not present in Yunnan). Therefore, one could imagine that differentiation may also occur in the chemicals that are produced.
These preliminary results are of fundamental importance in regard to the development of efficient pest management strategy. In the case of V. velutina, one promising strategy in the regulation would be the use of pheromones either for mating disruption or mass trapping (Monceau et al. 2012 , Monceau & Thiéry, 2017 , see also Monceau et al. 2014 for a review). However, caution must be taken to the populations on which pheromone based methods would be developed. An interesting perspective would be to assess the difference between castes and the potential effect of the last peak molecule as a sex pheromone (after the identification of this unknown formulation) that could act on mature males because some of them could act as sex pheromone. Indeed, recent work by Couto et al. (2016) suggests that sexual pheromones may play a crucial role in this species mating behaviour.
